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Abstract A solar active region (AR) that produces at least one M- or X-class
major flare tends to produce multiple flares during its passage across the solar
disk. It will be interesting if we can estimate how flare-productive a given major
flaring AR is for a time interval of several days, by investigating time series of its
photospheric magnetic field properties. For this, we studied 93 major flaring ARs
observed from 2010 to 2016 by the Helioseismic and Magnetic Imager (HMI)
on board the Solar Dynamics Observatory (SDO). More specifically, for each
AR under study, the mean and fluctuation were calculated from an 8-day time
series of each of 18 photospheric magnetic parameters extracted from the Space-
weather HMI Active Region Patch (SHARP) vector magnetogram products at
12-min cadence. We then compared these with the AR’s 8-day flare index, which
is defined as the sum of soft X-ray peak fluxes of flares produced in the AR
during the same interval of the 8-day SHARP parameter time series. As a result,
it is found that the 8-day flare index is well correlated with the mean and/or
fluctuation values of some magnetic parameters (with correlation coefficients
of 0.6–0.7 in log-log space). Interestingly, the 8-day flare index shows a slightly
better correlation with the fluctuation than the mean for the SHARP parameters
associated with the surface integral of photospheric magnetic free energy density.
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We also discuss how the correlation varies if the 8-day flare index is compared
with the mean or fluctuation calculated from an initial portion of the SHARP
parameter time series.
Keywords: Active Regions, Magnetic Fields; Flares, Relation to Magnetic Field
1. Introduction
Solar flares suddenly release a huge amount of energy mainly in the form of
electromagnetic radiation and high-energy particles. Consequently, flares occa-
sionally cause rapid, significant variations in the near-Earth space environment
called space weather (e.g., Handzo, Forbes, and Reinisch, 2014; Hayes et al.,
2017). There have been several reports that (severe) space weather events re-
lated to major flares affect space assets and also harm human health, such as
malfunction of satellites, radiation exposure of astronauts/aircrews/passengers,
interruption of radio communication, and so on (e.g., Baker, 2005; Schrijver
et al., 2014; Lugaz, 2015; Ponomarchuk et al., 2015). Various efforts are therefore
being made to establish a reliable system for operational flare prediction to
effectively prevent various types of damage from powerful flare events. (e.g.,
refer to Barnes et al., 2016, and several flare forecasting methods therein)
In order to understand energy build-up and triggering processes of flares in
solar active regions (ARs), it is very important to investigate three-dimensional
AR magnetic field structures and their evolution. However, direct measurement
of the coronal magnetic field has been scarcely carried out, so that photospheric
magnetic field data have been mainly used to study various AR magnetic field
properties in relation to flares (e.g., refer to Leka and Barnes, 2003, and refer-
ences therein). For example, Moore, Hagyard, and Davis (1987) studied the shear
angle (i.e., the angular deviation of the observed transverse magnetic field from
the potential transverse field) along the magnetic polarity inversion lines (PILs)
in three different ARs, and they found that the three large flares under investi-
gation occurred in extended PIL regions with large magnetic shear. Measuring
the total unsigned magnetic flux around strong-gradient PILs of ARs (called
log R or R_VALUE), Schrijver (2007) found that the larger R_VALUE an AR
has, the higher chance it produces a flare within the next 24 hours following the
R_VALUE measurement. Leka and Barnes (2007) carried out some statistical
tests based on linear discriminant analysis with numerous magnetic parameters
derived from ∼1200 photospheric vector magnetograms of 496 different ARs.
They found that the best-performing discriminant functions, resulting from
combining three or more photospheric magnetic parameters, make a slight im-
provement to distinguish between flaring and flare-quiet ARs. Recently, several
machine-learning algorithms, such as support vector machine and multilayer
perception, have been applied to various AR photospheric magnetic parameters
in order to improve the performance of flare prediction (e.g., Ahmed et al., 2013;
Bobra and Couvidat, 2015; Liu et al., 2017; Sadykov and Kosovichev, 2017).
An AR producing at least one M- or X-class major flare, called a major flaring
AR, in general consists of several, large sunspots with strong magnetic fields, and
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it often has a complicated magnetic field structure which may evolve dynamically
in the form of rotation, shear motion or flux emergence/cancellation (e.g., Zhang
et al., 2001; Park et al., 2008; Min and Chae, 2009; Toriumi et al., 2014; Zhao
et al., 2014; Jiang et al., 2016). Major flaring ARs tend to produce multiple
flares of different sizes, typically accompanied with high-speed and geoeffective
CMEs, during its solar disk passage (e.g., Yashiro et al., 2005; Liu et al., 2009).
There have been few studies to understand how long-term (i.e., several days)
flare productivity of major flaring ARs is related to properties and evolution of
their photospheric magnetic field. Abramenko and Yurchyshyn (2010) examined
power spectra calculated from line-of-sight magnetograms of 217 flaring ARs that
produced at least one flare of any GOES class. They found that a steeper mag-
netic power spectrum is shown in ARs with higher flare productivity during their
solar disk passage. Note that the power spectrum of each AR is calculated from
the AR’s magnetogram observed at a single point in time of its passage near the
solar disk center. Welsch et al. (2009) determined several time-averaged magnetic
and flow field parameters calculated from ∼3–5-day time series of line-of-sight
magnetograms of 46 ARs. Comparing the parameters to flare productivity of the
ARs during the same time interval of the investigated magnetogram time series,
they found that in general the larger the value of some parameters an AR has,
the higher flare-productive it is. Note that among the 46 ARs, only 11 of them
are major flaring ones.
In the present study, we investigate flare productivity of major flaring ARs
in relation to their photospheric magnetic field properties with the following
important differences compared to previous studies. (1) We investigate a large
number of major flaring ARs, i.e., 93 different NOAA-numbered ARs with at
least one M- or X-class flare, observed between August 2010 and February 2016.
(2) We examine 8-day time series of various parameters derived from AR pho-
tospheric vector magnetograms at 12-min cadence. (3) The time series data is
parameterized with the mean and fluctuation. (4) We study how the mean or
fluctuation is correlated with flare productivity during the same interval (i.e., 8
days) of the time series. (5) We discuss how the correlation varies if we use an
initial portion of the time series to calculate the mean and fluctuation, but the
same 8-day flare productivity.
2. Data and Analysis
The Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012) on board the
Solar Dynamics Observatory (SDO; Pesnell, Thompson, and Chamberlin, 2012)
provides full-disk, photospheric vector magnetograms with a spatial resolution of
0.5 arcsec per pixel and temporal resolution of 12 minutes. In this study, we use
18 magnetic parameters stored as keywords in “hmi.sharp_cea_720s series” of
Space-weather HMI Active Region Patch (SHARP; Bobra et al., 2014) data
products. The parameters are derived for each automatically-identified HMI
AR patch (called HARP) using its corresponding photospheric vector mag-
netogram which is deprojected to the heliographic coordinates with a Lam-
bert (cylindrical equal area; CEA) projection method. The SHARP parame-
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ters generally characterize the identified AR’s strong-magnetic-field area, un-
signed magnetic flux in the entire region or around PILs, magnetic field incli-
nation/gradient/shear/twist, current density, current helicity, and magnetic free
(excess) energy (Leka and Barnes, 2003; Schrijver, 2007; Bobra et al., 2014;
Bobra and Couvidat, 2015). There have been attempts to predict flares and
coronal mass ejections using the SHARP parameters (Bobra and Couvidat, 2015;
Bobra and Ilonidis, 2016). Refer to Table 1 for the details of the 18 SHARP
parameters.
The noise level in the HMI observables shows large-scale spatial variations
over the entire solar disk due irregular characteristics of the HMI instrument
(Couvidat et al., 2016). Hoeksema et al. (2014) reported that the number of high-
confidence pixels, during the disk passage of HARP 2920, decreases significantly
as the HARP moves away from a region, hereafter Θ60, within ∼60
◦ from the
central meridian. We therefore use the SHARP parameters here, only if they
are calculated from an HARP of which center position is within Θ60. For our
data set, we aimed to include a large number of major flaring ARs in order to
study the relationship between their long-term flare productivity and various
photospheric magnetic field properties (i.e., the SHARP parameters). Over the
period of HMI observations from August 2010 to February 2016, we searched
ARs that: (1) consistently appeared with a well-developed structure within Θ60
so that their associated SHARP data are available, and (2) produced at least
one M- or X-class flare during their passage within Θ60. As a result, we found a
total of 93 different NOAA-numbered, major flaring ARs.
For each of the 93 major flaring ARs under study, we analyze a set of time
series of the 18 SHARP parameters at 12-min cadence over∼8 days of its passage
within Θ60. For all the examined ARs, a time series X of a given, single SHARP
parameter consists of a total of 960 data points at 12-min cadence in the selected
8-day interval: i.e.,X = [X1,X2,X3, . . . ,X960]. If there is however a missing value
in the 8-day time series, then it is filled with a Not-a-Number (NaN) representing
an undefined or unrepresentable value in numeric calculations such as the mean
and standard deviation. For the time series X, we first calculate the mean as
X¯ =
1
N
960∑
i=1
Xi, (1)
where the summation is done excluding NaNs if they exist in X and N is the
number of all data points except NaNs. There are three SHARP parameters
which are signed quantities: i.e., the mean vertical current density MEANJZD,
the mean characteristic twist parameter MEANALP, and the mean vertical
current helicity MEANJZH. For these signed parameters, note that we use
the absolute value
∣∣X¯∣∣ of the mean of their X for the comparison with 8-day
flare productivity of the ARs under study during their disk passage within Θ60.
Note that the SHARP parameters are calculated from only pixels that are (1)
within the smooth bounding curve (i.e., BITMAP≥ 33) of the HARP rectangular
bounding box and (2) above the high-confidence disambiguation threshold (i.e.,
CONF_DISAMBIG=90). The number of the pixels contributing to the SHARP
parameter calculation varies with location on the disk and velocity of SDO
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relative to the Sun (Hoeksema et al., 2014) so that systematic errors, including
the center-to-limb variation and the 12-hour periodicity, are embedded in X.
It is expected that some systematic errors may be reduced by averaging the
parameter values in X.
Detrended fluctuation analysis (DFA) is a technique to investigate long-range
dependence and statistical self-similarity in both stationary and non-stationary
time series (e.g., Peng et al., 1994, 1995; Hu et al., 2001; Király and Jánosi,
2005). It can be also applied to estimate the characteristic size of fluctuation
from the cumulative and detrended time series of measurements, such as X,
consisting of a time-varying signal with random noise and/or a systematic error.
This detrended fluctuation primarily captures apparently random variations in
X by diminishing variations which are relatively more persistent and/or more
systematic. Such random variations in X might be important for self-organized-
criticality (SOC) models of flares, in which the corona reaches a critical state
and is driven to flare by random motions of photospheric footpoints of coronal
loops (e.g., Lu and Hamilton, 1991; Charbonneau et al., 2001). The detrended
fluctuation of X in this study is determined as follows. First, the cumulative
sum, Y = [Y1,Y2,Y3, . . . ,Y960], is calculated from a sequence of X− X¯ as
Yk =
k∑
i=1
(
Xi − X¯
)
. (2)
Next, the time series Y is divided into non-overlapping segments of equal length
n, and for each segment a local least squares straight-line fit Y˜(n) (i.e., a local
linear trend) is calculated. The detrended fluctuation F˜(n) is then defined as the
root-mean-square deviation of Y with respect to the local trend Y˜(n), i.e.,
F˜(n) =
√√√√ 1
N
960∑
i=1
[
Yi − Y˜i(n)
]2
. (3)
F˜(n) is one of quantitative measures that can be used to estimate the overall
degree of variation in time series data X, including short-term and long-term
fluctuations as well as linear and non-linear trends but eliminating the local linear
trend Y˜(n) in the cumulative sum Y. We calculated F˜(n) with a set of different
values of n, i.e., n=[4, 6, 8, 10, 15, 20, 30, 40, 48, 60, 80, 120], and found that the
correlation of F˜(n) with the 8-day flare productivity is only weakly sensitive to n.
In this study, Y˜ is calculated with n=120 (i.e., 24-hr, non-overlapping intervals)
in order to reduce any contamination in F˜(n) due to the SDO’s orbital signal.
Hereafter, by fluctuation F˜, we refer to the detrended fluctuation using n=120,
i.e., F˜(120).
Figure 1a presents an example of the time seriesX of the absolute value of the
net vertical current helicity ABSNJZH for HARP 5011, from 31 December 2014
to 8 January 2015. The 12-hour periodicity appears in X, which is due to the
spacecraft orbital velocity relative to the Sun. The mean value X¯ is marked with
the horizontal red line in Fig. 1a. The cumulative sum Y is shown in Fig. 1b,
and the local least squares best-fit line Y˜ (red) for each segment of n=120 is
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overplotted with Y (black) in Fig. 1c. The deviation from the local trend, i.e.,
Yi − Y˜i, is plotted in Fig. 1d. We can see the 12-hour periodicity is somewhat
reduced in the time profile of the deviation.
To quantify the 8-day flare productivity of each AR under our study, we define
8-day flare index (hereafter shortly indicated as I8d) as the sum of GOES soft
X-ray peak fluxes of flares produced in the AR during the same interval of the
AR’s 8-day SHARP parameter time series data, i.e.,
I8d = 100× S
(X) + 10× S(M) + 1× S(C), (4)
where S(j) =
∑Nj
i=1 ξ
(j)
i . Nj is the total number of j-class flares produced in the
AR during the 8-day interval, and ξ
(j)
i is the magnitude (i.e., digit multipliers
from 1.0 to 9.9) of the j-class flares. Note that I8d measures the AR’s total flare
productivity during the 8-day interval, and it is different from the daily flare
index which is, in our case, I8d divided by the time interval 8 days used for
counting flares in the AR (e.g., Antalova, 1996; Abramenko, 2005).
3. Results
This section is divided into three parts. In Section 3.1, we present the relationship
between the mean X¯ of the SHARP parameter time series and the 8-day flare
index I8d for the 93 major flaring ARs under investigation. In Section 3.2, we
describe how the detrended fluctuation measurement F˜ is correlated with I8d.
In Section 3.3, we discuss how the relation of I8d to X¯ or F˜ varies if we use an
initial portion of the time series for calculation of X¯ and F˜.
3.1. Flare Index versus Mean of SHARP Time Series
We examine the relationship between I8d and X¯ for the 93 major flaring ARs.
Figure 2 shows I8d versus X¯, in log-log space, calculated from the following
SHARP parameter time series: (a) the total unsigned magnetic flux USFLUX,
(b) the total unsigned vertical current TOTUSJZ, (c) the total unsigned vertical
current helicity TOTUSJH, (d) the absolute value of the net vertical current
helicity ABSNJZH, (e) the sum of the absolute value of the net current per
polarity SAVNCPP, (f) the surface integral of photospheric magnetic free en-
ergy density TOTPOT, (g) R_VALUE, (h) the mean gradient of the total field
strength MEANGBT, and (i) the mean vertical current density MEANJZD. The
9 SHARP parameters shown in Figure 2 are selected among a total of the 18
parameters for the following reasons: first, USFLUX is considered as reference,
and then the others for which X¯ or F˜ has a better correlation with I8d, compared
to that of USFLUX. The Spearman’s rank-order correlation coefficient (SCC)
is derived from the log-log scatter plot of I8d against X¯, and it is marked in
each panel of Figure 2 with a 95% confidence interval using the Fisher’s Z-
transformation. Note that the SCCs are statistically significant with p-values less
than 0.05. In addition, for a given SHARP parameter, we estimate uncertainties
in X¯ as follows: (i) X¯ is calculated for each AR, from a set of 100 different time
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series of the SHARP parameter values in which measurement errors are added;
(ii) the uncertainty in X¯ for each AR is then defined as the standard deviation
of 100 values of X¯ determined in the previous step (i). The uncertainties are
marked in each panel of Figure 2.
First, in the case of USFLUX, we find that for the examined major flaring
ARs with the larger X¯ of USFLUX, their 8-day flare productivity tends to be
generally higher (SCC=0.52). Note that USFLUX is a well-known parameter
that has a moderately good correlation with the occurrence rate and magnitude
of solar eruptive events such as flares and CMEs (e.g., Falconer, Moore, and
Gary, 2002; Tian, Liu, and Wang, 2002; Leka and Barnes, 2003, 2007), and it has
been frequently used as a reference for the evaluation of any flare-prediction pa-
rameter (e.g., Park, Chae, and Wang, 2010; Kontogiannis et al., 2017). A better
correlation (SCCs of 0.57–0.72) is also found in the parameters that characterize
the AR’s strong-gradient PILs, current helicity, current and magnetic free energy
(i.e., R_VALUE, TOTUSJH, SAVNCPP, ABSNJZH, TOTUSJZ and TOTPOT,
in the order of a higher SCC). Interestingly, these parameters, which have a
higher SCC than USFLUX, are calculated from a sum of a physical quantity
over an entire AR surface or an extended PIL region (i.e., extensive parameters).
This is in agreement with previous studies based on AR photospheric magnetic
parameters (e.g., Welsch et al., 2009; Bobra and Couvidat, 2015).
It is also found that I8d is weakly anticorrelated with X¯ of the intensive
SHARP parameters MEANGBT and MEANJZD (SCCs of -0.26 and -0.27,
respectively). Note that MEANJZD only has both positive and negative values
(i.e., a signed parameter) among the 9 SHARP parameters. Because the mean of
the absolute values of MEANJZD during the interval of the entire time series is a
measure of the AR’s average current imbalance, we further check the relationship
of I8d with the mean value of the unsigned time series of MEANJZD: as a result,
a moderate anticorrelation (SCC=-0.46) is found. The anticorrelation between
I8d and X¯ of either signed or unsigned MEANJZD may in part be explained
from the fact that X¯ of signed or unsigned MEANJZD is anticorrelated with
X¯ of USFLUX (i.e., SCC of -0.27 or -0.52, respectively). It seems currents in
the examined ARs are fairly neutralized. In that case, the sum of signed values
of the vertical current density in the AR’s entire photospheric surface may not
differ significantly between the ARs of different sizes so that MEANJZD will be
in inverse proportion to the size of the ARs. In the case of MEANGBT, the anti-
correlation may be inferred as follows. Unlike the vertical magnetic field Bz, the
total field strength Bt does not change its sign across PILs. Thus, MEANGBT
will be relatively small in the case of an AR with a highly flare-productive delta
sunspot because the strong-field, opposite magnetic polarities are located very
close to each other so that the horizontal gradients of Bt around the AR’s PIL will
be very small. On the other hand, in the case of a less flare-productive AR with
widely separated sunspots, the gradients of Bt can have relatively large values
at the sunspot boundaries. An anticorrelation (SCC=-0.49) between X¯ values of
MEANGBT and R_VALUE can support the inference mentioned above.
In addition, we investigate whether the correlation between I8d and X¯ is better
than that between I8d and any randomly selected, single data point in the time
series X. For this, a Monte Carlo test is carried out with the time series data of
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the 9 SHARP parameters shown in Figure 2, as follows: (1) for each of the 93
ARs in the data set, we randomly select a single value from X, (2) we calculate
the SCC between I8d and the randomly selected values, (3) repeating the above
two procedures 100 times, we calculate the average of the SCCs. We find that in
general I8d is slightly better correlated with X¯ than the randomly selected data
point at a single point in time (i.e., SCCs are 0.02–0.12 higher). In particular, for
the best-correlated parameter, R_VALUE, the SCC from the log-log plot of I8d
vs. X¯ is 0.72, while that of I8d vs. randomly selected data points is 0.61. Refer to
the right two columns in Table 2 for the SCCs calculated from the log-log plots
of I8d vs. X¯ and I8d vs. randomly selected values, respectively, for all of the 9
SHARP parameters.
For the SHARP parameters of which X¯ has a meaningful correlation with I8d,
it is important to understand the degree to which a selected SHARP parameter
is related to I8d, independent of another parameter. We therefore calculate the
Pearson partial correlation coefficient between I8d and X¯ of one selected among
the top 7 most strongly correlated parameters in Figure 2 while removing the
effect of another well-correlated SHARP parameter. As a result, it is found
that the partial correlation coefficients between I8d and X¯ of the best-correlated
parameter R_VALUE are in the range of 0.36–0.55 in log-log space, which are
still meaningful despite eliminating the effect of one of the other parameters.
3.2. Flare Index versus Fluctuation of SHARP Time Series
The relationship between I8d and F˜ is also examined for the 93 major flaring
ARs under investigation. Figure 3 shows I8d as a function of F˜, in log-log space,
determined from the time series of the same SHARP parameters shown in Fig-
ure 2. SCCs are marked in Figure 3, and all of them are statistically significant
with p-values less than 0.05. The uncertainties in F˜ for each AR, determined in
the same way described in Section 3.1, are shown in each panel of Figure 3. For
the 9 SHARP parameters, we find that SCCs between I8d and F˜ are in general
similar or slightly lower than those between I8d and X¯. However, the best SCC
of 0.62 is found from the log-log scatter plot of I8d vs. F˜ of the surface integral
of photospheric magnetic free energy density TOTPOT, which is much larger
than the SCC of 0.32 from that of I8d vs. F˜ of USFLUX. We also find that I8d
shows a negative correlation with F˜ of the mean vertical current density MEAN-
JZD (SCC=-0.54) or the mean gradient of the total field strength MEANGBT
(SCC=-0.41), respectively. This result suggests that more flare-productive ARs
show less fluctuation of MEANJZD and MEANGBT during the time interval of
8 days. To understand the importance of each of the 9 SHARP parameters in
relation to I8d, as in Section 3.1, the Pearson partial correlation coefficients are
calculated between I8d and F˜. It is found that the partial correlation coefficients
between I8d and the best-correlated fluctuation parameter TOTPOT are in the
range of 0.23–0.59 in log-log space; i.e., the highest partial correlation is obtained
with F˜ of USFLUX as a control variable, while the lowest with F˜ of R_VALUE.
In addition, in the case that F˜ of USFLUX is used as a control variable, the
partial correlation coefficients remain more or less the same or slightly decrease
for most of the parameters, compared to the Pearson correlation coefficients in
log-log space without removing the effect of F˜ of USFLUX.
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It is worthwhile to check whether/how F˜ is related to X¯ to understand the
temporal variation of the SHARP parameters in relation to flare activity. We
expect fluctuation in X of a given SHARP parameter to be on the same scale
as values in X of the SHARP parameter, suggesting that values of F˜ will be
large or small when values of X¯ are large or small, respectively. We therefore
expect F˜ and X¯ to be significantly correlated, independent of whether or not X¯
is associated flare activity. Figure 4 shows log-log plots of F˜ vs. X¯ calculated from
the 93 major flaring ARs for the same SHARP parameters shown in Figures 2
and 3. The color of each AR data point (marked as a circle) indicates the AR’s
I8d. From the log-log plots, we find that in general X¯ and F˜ are well correlated
with each other in log-log space (SCCs of 0.66–0.89) even though there is a
relatively weak correlation in the case of MEANJZD (SCC=0.40). This suggests
that the larger X¯ an AR has for a given magnetic parameter, the larger F˜ of the
parameter it may show during a long-term interval of several days. Investigating
the correlations between X¯ of USFLUX and F˜ of the SHARP parameters, we
notice that X¯ of USFLUX shows a positive correlation (SCCs of 0.47–0.73) with
F˜ of some parameters which are positively correlated with I8d, while it shows a
negative correlation with F˜ of MEANGBT (SCC=-0.63) or MEANJZD (SCC=-
0.70) which is anticorrelated with I8d. It is also found that I8d tends to be large
in the case of an AR which has small values of both X¯ and F˜ for MEANGBT
and MEANJZD and/or large values for the other parameters.
As explained in Section 2, F˜ is a measure of the degree of variation in a
given SHARP parameter time series X, including not only fluctuations but
also linear/non-linear trends. It is defined as the root-mean-square deviation
of the cumulative sum with respect to its local trend (i.e., a linear fit). The
standard deviation σ ofX can be also used to quantify the amount of variation or
dispersion of X. We examine how the relationship between I8d and F˜ is different
from that between I8d and σ. SCCs are calculated from the log-log plots of I8d
vs. σ for the 9 SHARP parameters. We find that I8d is slightly better correlated
with F˜ than σ for most of the parameters. There are a few parameters (e.g.,
USFLUX and MEANJZD) of which σ has a little higher SCC with I8d than F˜;
MEANJZD typically does not show a relatively long-term variation pattern in
their time series. Refer to the right two columns in Table 3 for the SCCs of I8d
vs. F˜ and I8d vs. σ, respectively, for the 9 SHARP parameters.
To account for the expected scaling of F˜ with X¯, we investigate how normaliz-
ing F˜ by the scale of X¯ affects its relationship with I8d as well as with X¯. For this,
F˜ is divided by σ of X, which indicates the ratio of the detrended fluctuation
to σ. We first check how the rescaled fluctuation parameter F˜/σ is correlated
with X¯ of USFLUX as a reference for the size of ARs. A weak anticorrelation is
found between F˜/σ and X¯ of USFLUX for all the SHARP parameters (SCCs of
-0.03 to -0.24) in Figure 3 excluding SAVNCPP (SCC=0.03). This may suggest
that smaller ARs tend to exhibit greater fractional changes in the parameter
values. We also examine the correlation between I8d and F˜/σ for the 9 SHARP
parameters; however, a very weak anticorrelation is found between them (SCCs
of -0.04 to -0.20) except MEANJZD (SCC=0.11). Because ARs with large values
of USFLUX and/or magnetic parameters are not only more flare-productive but
they also evolve more dynamically over time, it is reasonable to expect that I8d
is moderately well correlated with X¯ or F˜ but only weakly correlated with F˜/σ.
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3.3. Various Time Intervals for Calculation of Mean and Fluctuation
We examine how the correlation between I8d and X¯ as well as between I8d and
F˜ varies depending on the time interval used for calculation of X¯ and F˜. SCCs
are calculated from the log-log plots of I8d vs. X¯ and I8d vs. F˜, of which X¯ and F˜
are calculated from some different initial portions of the SHARP parameter time
series as follows: X1d = [X1,X2,X3, . . . ,X120], X2d = [X1,X2,X3, . . . ,X240], . . .,
and X8d = [X1,X2,X3, . . . ,X960]. Note that if high SCCs can be found between
I8d and X¯ or between I8d and F˜ from an initial portion of the time series, then it
may help us to estimate a long-term (several days) flare productivity of a given
AR only taking into account the measurement of the SHARP parameters for the
first few days of the AR’s disk passage.
First, as shown in Table 2, the SCCs between I8d and X¯ generally increase
as a longer time interval is considered: i.e., using a larger portion of the time
series tends to improve the correlation. R_VALUE shows the best correlation
with I8d in all the different intervals. It is also interesting that the correlation
between I8d and X¯, calculated from the time intervals of the first few days in
X, is slightly worse than that between I8d and a randomly selected single data
point inX, for most of the 9 SHARP parameters except the poorly anticorrelated
parameters MEANJZD and MEANGBT. We speculate this is due to the fact
that X¯ calculated from the early, short-term phase of X may not represent the
magnetic field properties of the major flaring ARs which in general dynamically
evolve during their 8-day disk passage.
With respect to F˜, a similar increasing trend of the SCCs between I8d and
F˜, as found between I8d and X¯, is also found as the time interval considered for
calculation of F˜ gets longer. Refer to Table 3 for the details of the SCCs for the 9
SHARP parameters. I8d shows the highest correlation (SCCs of 0.51–0.65 with F˜
of the photospheric magnetic free energy density parameter TOTPOT for all the
intervals except for the 2-day interval). We also find that a relatively high SCC
of 0.61 can be obtained between I8d and F˜ of the best-correlated parameter
TOTPOT calculated from the 4-day interval (i.e., using the half of the time
series), compared to that (SCC=0.62) calculated from the 8-day interval.
4. Summary and Discussions
In this study, we have investigated the relationship of the long-term (i.e., 8-day)
flare index I8d with the mean X¯ or detrended fluctuation F˜ calculated from 8-day
time series of 18 photospheric magnetic parameters (called SHARP parameters)
for 93 major flaring ARs. Our findings can be summarized as follows:
(i) A meaningful correlation is found between I8d and X¯ as well as between I8d
and F˜ with SCCs of∼0.6–0.7 for some SHARP parameters. In the case of X¯,
I8d shows its best correlation with the PIL-related parameter R_VALUE
(SCC=0.72), while with F˜ of the surface integral of magnetic free energy
density TOTPOT (SCC=0.62). For many of the SHARP parameters, the
SCCs between I8d and X¯ are slightly higher than those between I8d and F˜.
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(ii) Using only an initial portion (e.g., first 4 days) of 8-day time series of some
SHARP parameters, a similar correlation of I8d with X¯ or with F˜ can be
obtained as found in (i) using the entire time series.
Several studies have been carried out to find out photospheric magnetic
parameters which can be used to understand flare productivity of ARs, in par-
ticular, with respect to flare occurrence in the next short-term (e.g., 24-hr)
interval following the parameter measurement. For example, the total unsigned
magnetic flux parameter USFLUX, which is one of the most frequently examined
parameters and measures the size of ARs, shows that it has a moderately good
correlation with soft X-ray flare index of ARs (e.g., Abramenko and Yurchyshyn,
2010), as well as a somewhat flare-predictive capability (e.g., Leka and Barnes,
2007; Park, Chae, and Wang, 2010; Kontogiannis et al., 2017). In addition,
compared to USFLUX, similarly good or (slightly) better flare-predictive pa-
rameters were reported, such as the mean photospheric magnetic free energy
density proxy MEANPOT (e.g., Yang et al., 2012, 2013), the total unsigned
vertical current TOTUSJZ (e.g., Leka and Barnes, 2007) and the total unsigned
vertical current helicity TOTUSJH (e.g., Bobra and Couvidat, 2015). As al-
ready reported in those previous studies, we also found that X¯ of USFLUX
shows a moderately good correlation with the long-term flare productivity (i.e.,
I8d). Moreover, X¯ of some parameters that quantitatively measure the AR’s
morphological complexity, non-potentiality or magnetic free energy shows a
relatively better correlation than USFLUX. An even more remarkable finding
is that F˜ of those non-potentiality-associated parameters shows a comparably
good correlation with the flare productivity. Here we report this for the first
time examining the SHARP parameter time series of the 93 major flaring ARs.
It is however not clear how F˜ is related to the AR’s flaring activity. We speculate
that short-term (tens minutes to a few hours), large variations of some SHARP
magnetic parameters under study, indicated by F˜, may (partly) represent how
unstable the AR’s magnetic system is and/or whether a flare will be triggered
in relation to a rapid change or increase of twists, currents, and so on. F˜ also
captures random variations in X, and these fluctuations may be relevant for
the evolution of an AR into a critical state in which a small perturbation can
trigger a flare, as suggested by SOC models (e.g., refer to Aschwanden, 2012,
and references therein). However, the fact that F˜ is not much more significant
for flaring than X¯ may suggest that the corona may not be predominantly driven
to flare by random magnetic evolution at the photosphere, as would be expected
based upon SOC models. On the other hand, F˜ may measure some changes in
the AR’s magnetic field configuration and associated currents in the course of a
flare and its corresponding eruption, if any (e.g., Wang et al., 2012; Wang, Liu,
and Wang, 2012; Petrie, 2013; Janvier et al., 2014; Wang et al., 2014).
The results from this study suggest that for a given AR, examining its X¯ and
F˜ from time series with a few days of multiple photospheric (vector) magnetic
parameters, we may be able to estimate the AR’s long-term flare productivity.
Further studies on SHARP parameter time series data, using the same analysis of
X¯ and F˜ but with an extended data set including less flare-productive ARs (e.g.,
ARs that produce C-class flares only), will help us to understand whether the
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same relation of the long-term flare index with X¯ or F˜ still exists or not. In the
case of flare-quiet ARs, it will be also interesting to check whether there is any
threshold-like value of X¯ or F˜ for some SHARP parameters between flaring and
flare-quiet ARs. Furthermore, a different parameterization of SHARP parameter
time series, such as linear trends (increase or decrease), can be applied to find any
characteristic variation in magnetic parameters before major flares. We expect
these kinds of parameter-based studies will improve our understanding of which
AR magnetic parameter(s) can provide some useful information regarding the
flare energy build-up and triggering processes.
Acknowledgments The authors would like to thank the anonymous referee for many
constructive comments. This work was supported by the BK21 plus program through the
National Research Foundation (NRF) funded by the Ministry of Education of Korea, the
Basic Science Research Program through the NRF funded by the Ministry of Education
(NRF-2016R1A2B4013131), NRF of Korea Grant funded by the Korean Government (NRF-
2013M1A3A3A02042232), the Korea Astronomy and Space Science Institute under the R&D
program supervised by the Ministry of Science, ICT and Future Planning, the Korea Astronomy
and Space Science Institute under the R&D program ‘Development of a Solar Coronagraph
on International Space Station (Project No. 2017-1-851-00)’ supervised by the Ministry of Sci-
ence, ICT and Future Planning, and Institute for Information & communications Technology
Promotion (IITP) grant funded by the Korea government (MSIP) (2018-0-01422, Study on
analysis and prediction technique of solar flares). The data used in this work are courtesy
of the NASA/SDO and HMI science teams, as well as the Geostationary Satellite System
(GOES) team. This research has made use of NASA’s Astrophysics Data System (ADS). S.-
H.P. was supported by the European Union Horizon 2020 research and innovation programme
under grant agreement No. 640216 (FLARECAST; http://flarecast.eu) and by MEXT/JSPS
KAKENHI Grant No. JP15H05814.
Disclosure of Potential Conflicts of Interest The authors declare that they
have no conflicts of interest.
References
Abramenko, V., Yurchyshyn, V.: 2010, Magnetic Energy Spectra in Solar Active Regions.
Astrophys. J. 720, 717. DOI. ADS. [2010ApJ...720..717A]
Abramenko, V.I.: 2005, Relationship between Magnetic Power Spectrum and Flare Productiv-
ity in Solar Active Regions. Astrophys. J. 629, 1141. DOI. ADS. [2005ApJ...629.1141A]
Ahmed, O.W., Qahwaji, R., Colak, T., Higgins, P.A., Gallagher, P.T., Bloomfield, D.S.: 2013,
Solar Flare Prediction Using Advanced Feature Extraction, Machine Learning, and Feature
Selection. Solar Phys. 283, 157. DOI. ADS. [2013SoPh..283..157A]
Antalova, A.: 1996, Daily Soft X-Ray Flare Index (1969=1972). Contributions of the
Astronomical Observatory Skalnate Pleso 26, 98. ADS. [1996CoSka..26...98A]
Aschwanden, M.J.: 2012, A statistical fractal-diffusive avalanche model of a slowly-
driven self-organized criticality system. Astron. Astrophys. 539, A2. DOI. ADS.
[2012A&A...539A...2A]
Baker, D.N.: 2005, In: Scherer, K., Fichtner, H., Heber, B., Mall, U. (eds.) Introduction to
Space Weather, Springer, Berlin, Heidelberg, 3. ISBN 978-3-540-31534-6. DOI. https://doi.
org/10.1007/978-3-540-31534-6_1. [Baker2005]
Barnes, G., Leka, K.D., Schrijver, C.J., Colak, T., Qahwaji, R., Ashamari, O.W., Yuan, Y.,
Zhang, J., McAteer, R.T.J., Bloomfield, D.S., Higgins, P.A., Gallagher, P.T., Falconer, D.A.,
SOLA: ms.tex; 31 October 2018; 0:28; p. 12
Flare Productivity and Magnetic Properties of Flaring Active Regions
Georgoulis, M.K.,Wheatland, M.S., Balch, C., Dunn, T., Wagner, E.L.: 2016, A Comparison
of Flare Forecasting Methods. I. Results from the All-Clear Workshop. Astrophys. J. 829,
89. DOI. ADS. [2016ApJ...829...89B]
Bobra, M.G., Couvidat, S.: 2015, Solar Flare Prediction Using SDO/HMI Vector Magnetic
Field Data with a Machine-learning Algorithm. Astrophys. J. 798, 135. DOI. ADS.
[2015ApJ...798..135B]
Bobra, M.G., Ilonidis, S.: 2016, Predicting Coronal Mass Ejections Using Machine Learning
Methods. Astrophys. J. 821, 127. DOI. ADS. [2016ApJ...821..127B]
Bobra, M.G., Sun, X., Hoeksema, J.T., Turmon, M., Liu, Y., Hayashi, K., Barnes, G., Leka,
K.D.: 2014, The Helioseismic and Magnetic Imager (HMI) Vector Magnetic Field Pipeline:
SHARPs - Space-Weather HMI Active Region Patches. Solar Phys. 289, 3549. DOI. ADS.
[2014SoPh..289.3549B]
Charbonneau, P., McIntosh, S.W., Liu, H.-L., Bogdan, T.J.: 2001, Avalanche models for solar
flares (Invited Review). Solar Phys. 203, 321. DOI. ADS. [2001SoPh..203..321C]
Couvidat, S., Schou, J., Hoeksema, J.T., Bogart, R.S., Bush, R.I., Duvall, T.L., Liu, Y., Nor-
ton, A.A., Scherrer, P.H.: 2016, Observables Processing for the Helioseismic and Magnetic
Imager Instrument on the Solar Dynamics Observatory. Solar Phys. 291, 1887. DOI. ADS.
[2016SoPh..291.1887C]
Falconer, D.A., Moore, R.L., Gary, G.A.: 2002, Correlation of the Coronal Mass Ejection
Productivity of Solar Active Regions with Measures of Their Global Nonpotentiality
from Vector Magnetograms: Baseline Results. Astrophys. J. 569, 1016. DOI. ADS.
[2002ApJ...569.1016F]
Handzo, R., Forbes, J.M., Reinisch, B.: 2014, Ionospheric electron density response to solar
flares as viewed by Digisondes. Space Weather 12, 205. DOI. ADS. [2014SpWea..12..205H]
Hayes, L.A., Gallagher, P.T., McCauley, J., Dennis, B.R., Ireland, J., Inglis, A.: 2017, Pulsa-
tions in the Earth’s Lower Ionosphere Synchronized With Solar Flare Emission. Journal of
Geophysical Research (Space Physics) 122, 9841. DOI. ADS. [2017JGRA..122.9841H]
Hoeksema, J.T., Liu, Y., Hayashi, K., Sun, X., Schou, J., Couvidat, S., Norton, A., Bobra, M.,
Centeno, R., Leka, K.D., Barnes, G., Turmon, M.: 2014, The Helioseismic and Magnetic
Imager (HMI) Vector Magnetic Field Pipeline: Overview and Performance. Solar Phys.
289, 3483. DOI. ADS. [2014SoPh..289.3483H]
Hu, K., Ivanov, P.C., Chen, Z., Carpena, P., Eugene Stanley, H.: 2001, Effect of
trends on detrended fluctuation analysis. Phys. Rev. E 64(1), 011114. DOI. ADS.
[2001PhRvE..64a1114H]
Janvier, M., Aulanier, G., Bommier, V., Schmieder, B., Démoulin, P., Pariat, E.: 2014,
Electric Currents in Flare Ribbons: Observations and Three-dimensional Standard Model.
Astrophys. J. 788, 60. DOI. ADS. [2014ApJ...788...60J]
Jiang, C., Wu, S.T., Yurchyshyn, V., Wang, H., Feng, X., Hu, Q.: 2016, How Did a Major
Confined Flare Occur in Super Solar Active Region 12192? Astrophys. J. 828, 62. DOI.
ADS. [2016ApJ...828...62J]
Király, A., Jánosi, I.M.: 2005, Detrended fluctuation analysis of daily temperature records:
Geographic dependence over Australia. Meteorology and Atmospheric Physics 88, 119. DOI.
ADS. [2005MAP....88..119K]
Kontogiannis, I., Georgoulis, M.K., Park, S.-H., Guerra, J.A.: 2017, Non-neutralized Electric
Currents in Solar Active Regions and Flare Productivity. Solar Phys. 292, 159. DOI. ADS.
[2017SoPh..292..159K]
Leka, K.D., Barnes, G.: 2003, Photospheric Magnetic Field Properties of Flaring versus Flare-
quiet Active Regions. II. Discriminant Analysis. Astrophys. J. 595, 1296. DOI. ADS.
[2003ApJ...595.1296L]
Leka, K.D., Barnes, G.: 2007, Photospheric Magnetic Field Properties of Flaring versus Flare-
quiet Active Regions. IV. A Statistically Significant Sample. Astrophys. J. 656, 1173. DOI.
ADS. [2007ApJ...656.1173L]
Liu, C., Lee, J., Karlický, M., Prasad Choudhary, D., Deng, N., Wang, H.: 2009, Successive
Solar Flares and Coronal Mass Ejections on 2005 September 13 from NOAA AR 10808.
Astrophys. J. 703, 757. DOI. ADS. [2009ApJ...703..757L]
Liu, C., Deng, N., Wang, J.T.L., Wang, H.: 2017, Predicting Solar Flares Using SDO/HMI
Vector Magnetic Data Products and the Random Forest Algorithm. Astrophys. J. 843,
104. DOI. ADS. [2017ApJ...843..104L]
Lu, E.T., Hamilton, R.J.: 1991, Avalanches and the distribution of solar flares. Astrophys. J.
Lett. 380, L89. DOI. ADS. [1991ApJ...380L..89L]
SOLA: ms.tex; 31 October 2018; 0:28; p. 13
Lee et al.
Lugaz, N.: 2015, In: Vial, J.-C., Engvold, O. (eds.) Eruptive Prominences and Their Impact
on the Earth and Our Life, Springer, Cham, 433. ISBN 978-3-319-10416-4. DOI. https://
doi.org/10.1007/978-3-319-10416-4_17. [Lugaz2015]
Min, S., Chae, J.: 2009, The Rotating Sunspot in AR 10930. Solar Phys. 258, 203. DOI. ADS.
[2009SoPh..258..203M]
Moore, R.L., Hagyard, M.J., Davis, J.M.: 1987, Flare research with the NASA/MSFC vector
magnetograph - Observed characteristics of sheared magnetic fields that produce flares.
Solar Phys. 113, 347. DOI. ADS. [1987SoPh..113..347M]
Park, S.-h., Chae, J., Wang, H.: 2010, Productivity of Solar Flares and Magnetic Helicity
Injection in Active Regions. Astrophys. J. 718, 43. DOI. ADS. [2010ApJ...718...43P]
Park, S.-H., Lee, J., Choe, G.S., Chae, J., Jeong, H., Yang, G., Jing, J., Wang, H.: 2008, The
Variation of Relative Magnetic Helicity around Major Flares. Astrophys. J. 686, 1397.
DOI. ADS. [2008ApJ...686.1397P]
Peng, C.-K., Buldyrev, S.V., Havlin, S., Simons, M., Stanley, H.E., Goldberger, A.L.:
1994, Mosaic organization of DNA nucleotides. Phys. Rev. E 49, 1685. DOI. ADS.
[1994PhRvE..49.1685P]
Peng, C.-K., Havlin, S., Stanley, H.E., Goldberger, A.L.: 1995, Quantification of scaling expo-
nents and crossover phenomena in nonstationary heartbeat time series. Chaos 5, 82. DOI.
ADS. [1995Chaos...5...82P]
Pesnell, W.D., Thompson, B.J., Chamberlin, P.C.: 2012, The Solar Dynamics Observatory
(SDO). Solar Phys. 275, 3. DOI. ADS. [2012SoPh..275....3P]
Petrie, G.J.D.: 2013, A Spatio-temporal Description of the Abrupt Changes in the Photospheric
Magnetic and Lorentz-Force Vectors During the 15 February 2011 X2.2 Flare. Solar Phys.
287, 415. DOI. ADS. [2013SoPh..287..415P]
Ponomarchuk, S.N., Kurkin, V.I., Polekh, N.M., Podlesniy, A.V., Zolotukhina, N.A., Ro-
manova, E.B.: 2015, The effects of space weather for HF propagation in the period
of solar flare on 25 February 2014. In: 21st International Symposium Atmospheric and
Ocean Optics: Atmospheric Physics, Proceedings of the SPIE 9680, 96805G. DOI. ADS.
[2015SPIE.9680E..5GP]
Sadykov, V.M., Kosovichev, A.G.: 2017, Relationships between Characteristics of the Line-
of-sight Magnetic Field and Solar Flare Forecasts. Astrophys. J. 849, 148. DOI. ADS.
[2017ApJ...849..148S]
Scherrer, P.H., Schou, J., Bush, R.I., Kosovichev, A.G., Bogart, R.S., Hoeksema, J.T., Liu, Y.,
Duvall, T.L., Zhao, J., Title, A.M., Schrijver, C.J., Tarbell, T.D., Tomczyk, S.: 2012, The
Helioseismic and Magnetic Imager (HMI) Investigation for the Solar Dynamics Observatory
(SDO). Solar Phys. 275, 207. DOI. ADS. [2012SoPh..275..207S]
Schrijver, C.J.: 2007, A Characteristic Magnetic Field Pattern Associated with All Major
Solar Flares and Its Use in Flare Forecasting. Astrophys. J. Lett. 655, L117. DOI. ADS.
[2007ApJ...655L.117S]
Schrijver, C.J., Dobbins, R., Murtagh, W., Petrinec, S.M.: 2014, Assessing the impact of
space weather on the electric power grid based on insurance claims for industrial electrical
equipment. Space Weather 12, 487. DOI. ADS. [2014SpWea..12..487S]
Tian, L., Liu, Y., Wang, J.: 2002, The Most Violent Super-Active Regions in the 22nd and
23rd Cycles. Solar Phys. 209, 361. DOI. ADS. [2002SoPh..209..361T]
Toriumi, S., Iida, Y., Kusano, K., Bamba, Y., Imada, S.: 2014, Formation of a Flare-Productive
Active Region: Observation and Numerical Simulation of NOAA AR 11158. Solar Phys.
289, 3351. DOI. ADS. [2014SoPh..289.3351T]
Wang, S., Liu, C., Wang, H.: 2012, The Relationship between the Sudden Change of the
Lorentz Force and the Magnitude of Associated Flares. Astrophys. J. Lett. 757, L5. DOI.
ADS. [2012ApJ...757L...5W]
Wang, S., Liu, C., Liu, R., Deng, N., Liu, Y., Wang, H.: 2012, Response of the Photospheric
Magnetic Field to the X2.2 Flare on 2011 February 15. Astrophys. J. Lett. 745, L17. DOI.
ADS. [2012ApJ...745L..17W]
Wang, S., Liu, C., Deng, N., Wang, H.: 2014, Sudden Photospheric Motion and Sunspot
Rotation Associated with the X2.2 Flare on 2011 February 15. Astrophys. J. Lett. 782,
L31. DOI. ADS. [2014ApJ...782L..31W]
Welsch, B.T., Li, Y., Schuck, P.W., Fisher, G.H.: 2009, What is the Relationship Be-
tween Photospheric Flow Fields and Solar Flares? Astrophys. J. 705, 821. DOI. ADS.
[2009ApJ...705..821W]
SOLA: ms.tex; 31 October 2018; 0:28; p. 14
Flare Productivity and Magnetic Properties of Flaring Active Regions
Yang, X., Zhang, H., Gao, Y., Guo, J., Lin, G.: 2012, A Statistical Study on Photospheric
Magnetic Nonpotentiality of Active Regions and Its Relationship with Flares During Solar
Cycles 22 - 23. Solar Phys. 280, 165. DOI. ADS. [2012SoPh..280..165Y]
Yang, X., Lin, G., Zhang, H., Mao, X.: 2013, Magnetic Nonpotentiality in Photospheric Ac-
tive Regions as a Predictor of Solar Flares. Astrophys. J. Lett. 774, L27. DOI. ADS.
[2013ApJ...774L..27Y]
Yashiro, S., Gopalswamy, N., Akiyama, S., Michalek, G., Howard, R.A.: 2005, Visibility of
coronal mass ejections as a function of flare location and intensity. Journal of Geophysical
Research (Space Physics) 110, A12S05. DOI. ADS. [2005JGRA..11012S05Y]
Zhang, J., Wang, J., Deng, Y., Wu, D.: 2001, Magnetic Flux Cancellation Associated with
the Major Solar Event on 2000 July 14. Astrophys. J. Lett. 548, L99. DOI. ADS.
[2001ApJ...548L..99Z]
Zhao, J., Li, H., Pariat, E., Schmieder, B., Guo, Y., Wiegelmann, T.: 2014, Temporal Evolution
of the Magnetic Topology of the NOAA Active Region 11158. Astrophys. J. 787, 88. DOI.
ADS. [2014ApJ...787...88Z]
SOLA: ms.tex; 31 October 2018; 0:28; p. 15
Lee et al.
Table 1. Space-weather HMI Active Region Patch (SHARP) parameters∗
Keyword Description Units formula
USFLUX Total unsigned magnetic flux Mx Φ =
∑
|Bz | dA
MEANGAM Mean angle of field from radial Degrees γ = 1
N
∑
arctan
(
Bh
Bz
)
MEANGBT Mean gradient of total field G Mm−1 |∇Btot| =
1
N
∑√(
∂B
∂x
)2
+
(
∂B
∂y
)2
MEANGBZ Mean gradient of vertical field G Mm−1 |∇Bz | =
1
N
∑√( ∂Bz
∂x
)
2
+
(
∂Bz
∂y
)
2
MEANGBH Mean gradient of horizontal field G Mm−1 |∇Bh| =
1
N
∑√( ∂Bh
∂x
)2
+
(
∂Bh
∂y
)2
MEANJZD Mean vertical current density mA m−2 Jz ∝
1
N
∑( ∂By
∂x
− ∂Bx
∂y
)
TOTUSJZ Total unsigned vertical current A Jztotal =
∑
|Jz| dA
MEANALP Mean characteristic twist parameter, α Mm−1 αtotal ∝
∑
Jz·Bz∑
B2z
MEANJZH Mean vertical current helicity G2 m−1 Hc ∝
1
N
∑
Bz · Jz
TOTUSJH Total unsigned vertical current helicity G2 m−1 Hctotal ∝
∑
|Bz · Jz|
ABSNJZH Absolute value of the net vertical current helicity G2 m−1 Hcabs ∝ |
∑
Bz · Jz|
SAVNCPP Sum of the absolute value of the net current per polarity A Jzsum ∝
∣∣∣∑B+z JzdA
∣∣∣+
∣∣∣∑B−z JzdA
∣∣∣
MEANPOT Mean photoshperic magnetic free energy density erg cm−3 ρ ∝ 1
N
∑(
B
Obs −BPot
)2
TOTPOT Surface integral of photospheric magnetic free energy density erg cm−1 ρtot ∝
∑(
B
Obs −BPot
)2
dA
MEANSHR Mean shear angle Degrees Γ = 1
N
∑
arccos
(
B
Obs
·B
Pot
|BObs ||BPot|
)
SHRGT45 Fraction of Area with shear > 45◦ Area with shear > 45◦ / total area
R_VALUE Sum of flux near polarity inversion line Mx Φ =
∑
|BLoS | dA within R mask
AREA_ACR Area of strong field pixels in the active region Area =
∑
Pixels
∗ Further description of the SHARP parameters can be found in Bobra and Couvidat (2015) and references therein.
Table 2. The Spearman’s rank-order correlation coefficients (SCCs) calculated from log-log
plots of 8-day flare index I8d vs. the mean values of time series of 9 SHARP parameters with
different intervals, starting from the first day to the entire 8 days. The highest SCC
at each interval is marked in bold italics. SCCs of I8d with a randomly selected, single data
point in the 8-day time series are also shown for comparison.
SHARP
1-Day 2-Day 3-Day 4-Day 5-Day 6-Day 7-Day 8-Day
Random
Parameters Point
USFLUX 0.40 0.42 0.45 0.48 0.49 0.50 0.52 0.52 0.50
TOTUSJZ 0.45 0.48 0.50 0.53 0.55 0.56 0.57 0.58 0.54
TOTUSJH 0.48 0.50 0.53 0.57 0.59 0.60 0.61 0.62 0.57
ABSNJZH 0.44 0.47 0.50 0.52 0.56 0.58 0.60 0.59 0.48
SAVNCPP 0.40 0.46 0.46 0.51 0.56 0.60 0.62 0.61 0.49
TOTPOT 0.42 0.44 0.48 0.50 0.52 0.54 0.56 0.57 0.52
R_VALUE 0.54 0.57 0.61 0.65 0.68 0.71 0.72 0.72 0.61
MEANGBT -0.19 -0.21 -0.22 -0.23 -0.22 -0.23 -0.25 -0.26 -0.18
MEANJZD -0.23 -0.22 -0.26 -0.21 -0.29 -0.29 -0.29 -0.27 -0.20
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Table 3. Same as Table 2, but for SCCs between I8d and the detrended fluctuation values of
time series of 9 SHARP parameters. SCCs of I8d with the standard deviation of the times series
are also shown for reference.
SHARP
1-Day 2-Day 3-Day 4-Day 5-Day 6-Day 7-Day 8-Day
Standard
Parameters Deviation
USFLUX 0.23 0.19 0.24 0.31 0.32 0.35 0.35 0.32 0.32
TOTUSJZ 0.47 0.43 0.42 0.50 0.46 0.48 0.48 0.46 0.45
TOTUSJH 0.47 0.47 0.51 0.57 0.58 0.59 0.59 0.54 0.51
ABSNJZH 0.53 0.55 0.55 0.57 0.57 0.59 0.62 0.59 0.58
SAVNCPP 0.37 0.47 0.47 0.51 0.53 0.55 0.61 0.59 0.58
TOTPOT 0.53 0.51 0.57 0.61 0.60 0.63 0.65 0.62 0.59
R_VALUE 0.50 0.50 0.55 0.59 0.59 0.60 0.61 0.61 0.61
MEANGBT -0.18 -0.27 -0.31 -0.37 -0.38 -0.43 -0.44 -0.41 -0.36
MEANJZD -0.24 -0.29 -0.39 -0.46 -0.47 -0.48 -0.52 -0.54 -0.61
Figure 1. An example of calculating the mean X¯ and the detrended fluctuation F˜. Panels
show (a) the 8-day time series X (black line) of one of the SHARP parameters under study,
i.e., the absolute value of the net vertical current helicity ABSNJZH in HARP 5011 and its X¯
(horizontal line), (b) the cumulative sum Y of X, (c) the local least squares straight-line fit
Y˜ for each segment of equal length n=120 (red line) on Y (black line), and (d) the deviation
from the local trend, i.e., Y − Y˜. F˜ is defined as the root-mean-square of Y − Y˜. The start
times of all major flares (M1.0 above), produced in the HARP during the interval of X, are
marked in the panel a with vertical red lines. Note that there are two missing data points in
X which are filled with Not-a-Number (NaN) values.
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Figure 2. Log-log scatter plots of the flare index I8d vs. the mean X¯ calculated from 8-day
time series of 9 SHARP parameters for 93 major flaring ARs. The Spearman’s rank-order
correlation coefficient (SCC) and its 95% confidence interval are denoted in each panel. The
uncertainty in calculating X¯ for each AR is also marked with an error bar, but note that in
many cases the range of error bars is smaller than the size of data points (shown by circles).
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Figure 3. Same as in Figure 2, but for I8d vs. the detrended fluctuation F˜.
SOLA: ms.tex; 31 October 2018; 0:28; p. 19
Lee et al.
Figure 4. Log-log plots of F˜ vs. X¯ for the 93 major flaring ARs under study. The color of
each AR data point indicates I8d of the given AR. Refer to the color bar in the top of the
figure for the values of I8d.
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